Introduction {#sec1-1}
============

Homocysteine is an amino acid that does not exist in the natural human diet but is an essential part of methionine metabolism.\[[@ref1]\] It is produced as a result of methylation reactions.\[[@ref2]\] Other metabolic functions of homocysteine include being a component of choline metabolism, recycling of tissue folates and serving as a precursor for cystathionine, cysteine, and other metabolites.\[[@ref3]\] An increased concentration of homocysteine in the blood (hyperhomocysteinemia) can be caused by both endogenous and exogenous factors. The most significant exogenous factors are related to the composition of diets, such as folate deficiencies.\[[@ref4]\]

Higher levels of homocysteine have been associated with many pathological conditions including vascular,\[[@ref5]\] neurological,\[[@ref6]\] ocular,\[[@ref7]\] renal,\[[@ref8]\] pulmonary,\[[@ref9]\] and skeletal muscle abnormalities.\[[@ref10]\] The main enzymes involved in the metabolism of homocysteine require the presence of cofactors, such as vitamins B~6~ and B~12~. Vitamin B~6~, vitamin B~9~ (also known as folic acid), and vitamin B~12~ deficiencies are also associated with elevated levels of homocysteine in various pathological conditions.\[[@ref6][@ref11]\] Therefore, it is important that the levels of these B vitamins are measured together with homocysteine\[[@ref12]\] to provide a better representation of diseases.

Healthy subjects are reported to have plasma levels of vitamin B~6~, vitamin B~9,~ and vitamin B~12~ at 7.4 ng/mL,\[[@ref13]\] 2.7 - 17.0 ng/mL\[[@ref14]\] and 200 - 900 pg/mL,\[[@ref15]\] respectively. A deficiency occurs when the levels are less than 5 ng/mL,\[[@ref13]\] 2.7 ng/mL,\[[@ref14]\] and 200 pg/mL\[[@ref15]\] for vitamins B~6~, B~9,~ and B~12~, respectively. For homocysteine, the level in healthy subjects is less than 2700 ng/mL and the upper limit of 2027 - 3379 ng/mL is considered to be hyperhomocysteinemia.\[[@ref16]\] The main challenge in developing methods for characterizing these compounds results from their low concentrations in plasma, especially with vitamins B~6~ and B~12~, thus making methods with good sensitivities a very important prerequisite.

Because of the inherent co-existence of vitamin deficiencies in many pathological conditions\[[@ref6][@ref11]\] the simultaneous detection of vitamins B~6~, B~9~, B~12,~ and homocysteine becomes highly important. To date, all of the available methods have reported individual determinations of these compounds.\[[@ref17][@ref18]\] For example, various chromatographic methods have been developed for the individual quantification of vitamins B~6~, B~9~, B~12,~ and homocysteine using ultraviolet (UV), fluorescence, and mass spectrometer detectors.\[[@ref19][@ref20]\] Two additional chromatographic methods were developed for either vitamins B~6~, B~9,~ and B~12~ along with other B vitamins.\[[@ref21]\] Previous studies have reported homocysteine and vitamin B6 measurements using a fluorescence detector, whereas vitamin B~9~ was measured either by using a radioimmunoassay\[[@ref22]\] or a chemiluminescent enzyme immunoassay,\[[@ref17]\] which can be hazardous to the health of the operator and tedious to conduct. To our knowledge, there was no method capable of simultaneously detecting all three types of vitamins, or even four compounds, using a single detector.

The objective of this study was to develop and validate a new rapid High Performance Liquid Chromatography (HPLC) method that allows the simultaneous detection of homocysteine, vitamins B~6~, B~9,~ and B~12~ in human serum for routine analysis, which can lead to a substantial time and cost savings.

Materials and Methods {#sec1-2}
=====================

 {#sec2-1}

### Chemicals and Reagents {#sec3-1}

Homocysteine \[[Figure 1a](#F1){ref-type="fig"}\] and heptane-1-sulfonic acid sodium salt were purchased from Merck (Darmstadt, Germany). Vitamin B~6~ \[[Figure 1b](#F1){ref-type="fig"}\] and vitamin B~9~ \[[Figure 1c](#F1){ref-type="fig"}\] were purchased from Sigma-Aldrich, Co. (USA). Vitamin B~12~ \[[Figure 1d](#F1){ref-type="fig"}\] was purchased from EMD Biosciences, Inc (USA). The internal standard (chlorogenic acid) \[[Figure 1e](#F1){ref-type="fig"}\] was purchased from Sigma-Aldrich, Co. (USA). The organic solvents (methanol and acetonitrile) were of HPLC grade and were purchased from Merck (Darmstadt, Germany). Twice distilled deionized water was freshly prepared using a Milli-Q Q-Pod (Millipore, Billerica, MA).

![(a) Structure of homocysteine, (b) structure of vitamin B6, (c) structure of folic acid, (d) structure of vitamin B12, and (e) structure of chlorogenic acid](IJPharm-45-159-g001){#F1}

### Instrumentation {#sec3-2}

The HPLC system consisted of an Agilent 1200 series G1379B micro-vacuum degasser linked to a G1312B binary pump SL with a seal wash option, coupled with a G1367D high performance auto sampler SL that was fitted with a 100 μL sample loop and a G1316B thermostated column compartment for the Agilent 1200 series high performance autosampler SL. This system was connected to a G1315C diode-array and a multiple wavelength detector SL. The analytical column was a LiChrocart (150 × 4.5 mm I.D., 5 μm) HPLC cartridge coupled with a Purospher Star RP-18 endcapped column (5 μm) from Merck, Darmstadt, Germany. The control of the HPLC system and data collection were performed using a HP-compatible computer equipped with LC Chemostation software (version B.04.01, Waldbronn, Germany).

All of the solvents were filtered under vacuum before use with a polytetrafluoroethylene (PTFE) membrane filter (0.22 μm) and were prepared fresh daily.

### Preparation of Stock and Working Standard Solutions {#sec3-3}

Stock solutions of homocysteine, vitamins B~6~, B~9,~ and B~12~ (100 μg/mL) were prepared by dissolving 1 mg of each compound in 10 mL of filtered deionized water (Millipore, Germany), followed by storage at 4°C. The working stock solutions (8 μg/mL) were individually prepared by diluting 400 μl of the stock solutions to 5 mL with filtered deionized water followed by storage at 4°C. All of the stock solutions of vitamins B~9~ and B~12~ were wrapped with aluminum foil to prevent degradation from light. Using the working stock solutions, the standards were freshly prepared daily at 50, 100, 200, 400, 800, and 1600 ng/mL.

For the internal standard, a stock solution of chlorogenic acid (100 μg/mL) was prepared by dissolving 1 mg of the powder into 10 mL of deionized water. A working standard solution (500 ng/mL) was freshly prepared daily from the internal stock solution using deionized water.

### Method Development and Optimization {#sec3-4}

### Determination of the suitable UV wavelength {#sec3-5}

Each compound (1 μg/mL) was injected into the rapid resolution liquid chromatography (RRLC) system and the absorbance measured using a photo diode array (PDA) detector between 190 and 400 nm. The initial HPLC system condition was running on a mobile phase consisting of 1-heptanesulfonic acid sodium salt (5 mM):Methanol (75:25) with 0.1% triethylamine (TEA) and the pH of the final mixture was adjusted to 2.8.

### Determination of the suitable mobile phase pH {#sec3-6}

Five pH values (pH 2.0, 2.3, 2.8, 4.0, and 6.0) were selected based on the pKas of the tested drugs. The tested pH values were within the range recommended by the supplier to be suitable for the column. The pH was adjusted using 85% orthophosphoric acid or sodium hydroxide (1 M).

### Determining the suitability of adding an organic modifier {#sec3-7}

The effects of adding an organic modifier, such as TEA, on the peak shape were investigated at different concentrations (0.05, 0.07, 0.10, 0.50, 0.75, and 1.00%).

### Determining the suitable buffer type and its concentration {#sec3-8}

Two types of buffers 1-heptanesulfonic acid sodium salt and potassium dihydrogen sulfate (KH~2~PO~4~)\] were investigated to determine the most suitable buffer type. The mobile phase was prepared fresh daily by dissolving the buffer salt in twice distilled deionized water. TEA (0.1%) was added and the pH was adjusted to 2.8 before filtering through the PTFE membrane filter (0.22 μm). In this experiment, different concentrations of buffers, such as heptane sulfonic sodium salt at 0.05 and 5.00 mM and KH~2~PO~4~ at 0.10 M, were tested.

### Determining the suitable organic solvent and its percentage {#sec3-9}

The suitability of two different organic solvents (methanol and acetonitrile) were examined for the present study at four different combinations (70:30, 75:25, 67:33, 65:35, 63:37, 60:40) of organic solvent:Buffer.

### Determining the suitable mobile phase flow rate {#sec3-10}

Four mobile phase flow rates (0.1, 0.2, 0.3, and 0.5 mL/ min) were used to determine the best flow rate for producing good peak shapes and areas.

### Determining the suitable injection volume {#sec3-11}

Different injection volumes (20 and 40 μl) were also investigated to determine their effects on the chromatographic peaks.

Results and Discussion {#sec1-3}
======================
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### Method Optimization {#sec3-12}

### Optimization of the most suitable UV wavelength {#sec3-13}

All compounds had two observable maximum wavelengths in the spectra obtained from the PDA scanning measurements. Vitamin B~6~ absorbed at 210 and 290 nm \[[Figure 2](#F2){ref-type="fig"}\] and vitamin B~9~ absorbed at 200 and 290 nm \[[Figure 2](#F2){ref-type="fig"}\]. The maximum absorbance for vitamin B~12~ occurred at 210 and 360 nm \[[Figure 2](#F2){ref-type="fig"}\], whereas the maximum absorbance for homocysteine occurred at 210 and 260 nm \[[Figure 2](#F2){ref-type="fig"}\].

![UV spectra of homocysteine (1 μg/ml), vitamin B6 (1 μg/ ml), folic acid (1 μg/ml), and vitamin B12 (1 μg/ml) obtained using a photodiode array (PDA) detector](IJPharm-45-159-g002){#F2}

### Optimization of buffer type and its concentration {#sec3-14}

Two different types of buffers (KH~2~PO~4~ and 1-heptanesulfonic acid sodium salt) were tested. When KH~2~PO~4~ was used, homocysteine and vitamin B~6~ co-eluted; however, the co-elution did not occur when 1-heptanesulfonic acid sodium salt was used and all four compounds were eluted with good separation.

### Optimization of the mobile phase pH {#sec3-15}

Several mobile phase pHs (2.0, 2.3, 2.8, 4.0, and 6.0) were tested with the wavelength was set to 210 nm, as determined above and 1-heptanesulfonic acid sodium salt at a concentration of 0.05 M.

In the beginning of the method development, only the mobile phase pH for vitamins B~6~, B~9,~ and B~12~ were optimized because of their similar pKa values. Following this optimization, homocysteine was added for further optimization. At pH 2.0 \[[Figure 3a](#F3){ref-type="fig"}\], the vitamins B~6~ and B~9~ peaks were well separated. However, the vitamin B~12~ peak was delayed and presented gross peak broadening and a reduced peak height. At pH 2.8 \[[Figure 3b](#F3){ref-type="fig"}\], there was good resolution for all three drugs. At pH 4.0 \[[Figure 3c](#F3){ref-type="fig"}\], noise and negative peaks were observed between 3-4 min and 9-10 min. At pH 6.0 \[[Figure 3d](#F3){ref-type="fig"}\], the area of vitamin B~6~ is halved. Furthermore, not only was the vitamin B~9~ peak eluted much faster when compared to the other compounds, it also co-eluted with the solvent front and the vitamin B~12~ peak was broadened. However, when homocysteine was injected at this pH, it was co-eluted with vitamin B~6~ \[[Figure 3d](#F3){ref-type="fig"}\]. Therefore, the pH was decreased to 2.3 \[[Figure 3e](#F3){ref-type="fig"}\], which resulted in the separation of all four compounds with good resolutions, peak shapes, and areas.

![The effect of varying the buffer pHs to (a) 2.0 (b) 2.8 (c) 4.0 (d) 6.0 (e) 2.3 (four compounds), the mobile phase used was 25:75 MeOH:Heptanesulfonic sodium salt (0.05 mM) with 0.1% TEA, running at 0.5 ml/min; (e) 2.3, the mobile phase used was 35:65 MeOH:Heptanesulfonic sodium salt (0.05 mM) with 0.05% TEA, running at 0.5 ml/min. The detection was done at 210 nm](IJPharm-45-159-g003){#F3}

### Optimization of the type of organic modifier and its concentration {#sec3-16}

In this experiment, TEA was added at different concentrations \[0.05%, 0.07%, 0.10%, 0.50%, 0.75%, and 1.00% (v/v)\] to the mobile phase to investigate its effects on the peak shape. However, the addition of TEA increased the pH of the mobile phase to above 6.0, which then needed to be readjusted to pH 2.3. At low concentrations, 0.05% \[[Figure 4a](#F4){ref-type="fig"}\], 0.07% \[[Figure 4b](#F4){ref-type="fig"}\], and 0.10% \[[Figure 4c](#F4){ref-type="fig"}\], the addition of TEA improved the peak shapes and also decreased the noise. The retention time and areas are similar when the percentage of TEA was increased to 0.75% \[[Figure 4d](#F4){ref-type="fig"}\]. However, the vitamin B~6~ peak co-eluted with the negative peak at 3.7 min \[[Figure 4d](#F4){ref-type="fig"}\]. When the concentration of TEA was increased to 1.00% \[[Figure 4e](#F4){ref-type="fig"}\], the vitamin B~6~ peak split and the vitamin B~9~ peak was broadened, even though the vitamin B~12~ peak remained unchanged. When TEA was added at 0.50% \[[Figure 4f](#F4){ref-type="fig"}\], vitamin B~6~ co-eluted with the negative peak at 3.8 min and there were good elutions of vitamins B~6~ and B~12~.

![The effects of adding different concentrations of organic modifier:TEA (a) 0.05% TEA, (b) 0.07% TEA, (c) 0.1% TEA, (d) 0.75% TEA, (e) 1% TEA, and (f) 0.5%. The mobile used was 25:75 MeOH:Heptanesulfonic sodium salt (0.05 mM) pH 2.8, running at 0.5 ml/min. The detection was done at 210 nm](IJPharm-45-159-g004){#F4}

### Optimization of the percentage organic solvent {#sec3-17}

In this experiment, acetonitrile (ACN) was also investigated \[[Figure 5i](#F5){ref-type="fig"}\]. However, vitamin B~9~ was not eluted when ACN was used. For this test, six percentages of MeOH were tested: 25%, 30%, 33%, 35%, 37%, and 40%. When MeOH was used, all examined percentages of the organic solvents provided adequate separation, except for 25% MeOH \[[Figure 5ii](#F5){ref-type="fig"}\] where the vitamin B~9~ peak did not appear. When 30%, 33% or 35% MeOH compositions were used \[[Figure 5ii](#F5){ref-type="fig"}\], all four compounds eluted with good resolution, peak area and peak shape. For 37% MeOH \[[Figure 5ii](#F5){ref-type="fig"}\], the resolution between vitamins B~6~ and B~12~ was poor. The peak shapes of all four compounds were poor when 40% MeOH \[[Figure 5ii](#F5){ref-type="fig"}\] was used as the organic solvent.

![(i) The effect of using ACN as organic solvent in mobile phase. (ii) The effects of varying the percentage of organic solvent: (a) 37% MeOH (b) 33% MeOH (c) 30% MeOH (d) 25% MeOH (e) 40% MeOH (f) 35% MeOH. The mobile phase used was 0.05 mM heptanesulfonic sodium salt with 0.05% TEA, pH 2.3, running at 0.3 ml/min. The detection was done at 210 nm](IJPharm-45-159-g005){#F5}

### Optimization of suitable flow rate {#sec3-18}

For determining the optimal flow rate, four flow rates (0.1, 0.2, 0.3, and 0.5 mL/min) were tested. For the flow rate of 0.5 mL/min \[[Figure 6a](#F6){ref-type="fig"}\], the total elution time was 5.63 min with high area counts. For the flow rate of 0.1 ml/min \[[Figure 6b](#F6){ref-type="fig"}\], two compounds (B~9~ and B~12~) were not eluted. For the flow rate of 0.2 ml/min \[[Figure 6c](#F6){ref-type="fig"}\], the total analytical time increased (14.19 min) and for the flow rate of 0.3 ml/min \[[Figure 6d](#F6){ref-type="fig"}\], the total elution time was also long at 9.45 minutes.

![The effects of varying the flow rates: (a) 0.5 ml/min (b) 0.1 ml/min (c) 0.2 ml/min, (d) 0.3 ml/min. The mobile phase used was 33:67 MeOH:Heptanesulfonic sodium salt (0.05mM) with 0.05% TEA, pH 2.3. The detection was done at 210 nm](IJPharm-45-159-g006){#F6}

### Optimization of injection volumes {#sec3-19}

From the chromatograms, the area count increases with an injection volume of 40 μl \[[Figure 7a](#F7){ref-type="fig"}\]; however, with an injection volume of 20 μl \[[Figure 7b](#F7){ref-type="fig"}\], the resolutions of homocysteine and vitamin B~6~ were not good.

![The effects of varying the injection volume (a) 40 μl (b) 20 μl. The mobile phase used was 33:67 MeOH:Heptanesulfonic sodium salt (0.05mM) with 0.05% TEA, pH 2.3, running at 0.5 ml/min. The detection was done at 210 nm](IJPharm-45-159-g007){#F7}

### System suitability parameters {#sec3-20}

The system suitability parameters of the current method were within those recommended by the Food and Drug Administration (FDA).\[[@ref23]\] The resolutions of homocysteine, vitamins B~6~, B~9,~ and B~12~ were 1.7, 1.7, 5.1, and 2.4, respectively, and the tailing factors were 0.5, 0.5, 0.7, and 0.7, respectively. A plate count of more than 2,000 is recommended by the FDA for analytical methods; in our method, the plate counts for homocysteine, vitamins B~6~, B~9~, and B~12~ were 40,392, 2,959, and 4,624, respectively, which fulfilled the requirements of the FDA.

### The final optimized parameters {#sec3-21}

It is concluded that the best RRLC parameters with good resolution for the simultaneous detection of homocysteine, vitamins B~6~, B~9~, and B~12~ with chlorogenic acid as the internal standard was at 210 nm by using 33:67 MeOH:Heptanesulfonic sodium salt (0.05 mM) with 0.05% TEA added as the organic modifier and the buffer pH adjusted to 2.3 \[[Figure 8](#F8){ref-type="fig"}\]. The flow rate was 0.5 mL/min and the injection volume was 40 μl. Using these conditions, the retention times of homocysteine, vitamins B~6~, B~9~, and B~12~ and internal standard (chlorogenic acid) were 3.45 min, 3.62 min, 4.79 min, 6.01 min, and 7.05 min, respectively \[[Figure 8](#F8){ref-type="fig"}\].

![Representative of chromatograms after final optimization results](IJPharm-45-159-g008){#F8}

### Concentration Ranges and Calibration Graphs {#sec3-22}

Using the optimized experimental conditions, the linearity of the method (corrected peak area ratio of the drugs to the internal standards versus concentrations) was evaluated in triplicate over a concentration range between 50 and 1,600 ng/mL. The slopes, intercepts and correlation coefficients obtained by the linear least squares regression analysis of the results are also provided \[[Figure 9](#F9){ref-type="fig"}\]. The linearity of the calibration graph was demonstrated by the good determination coefficient (r^2^) obtained for the regression line.

![Linearity curve obtained from calibration graph based on area ratio of standard drug (a) vitamin B6 (b) folic acid (c) vitamin B12, and (d) homocysteine](IJPharm-45-159-g009){#F9}

### Limit of Detection and Quantification {#sec3-23}

The limit of detection (LOD) is defined as the smallest quantity of compound that is clearly distinguishable from the baseline, which has a signal ratio of 3:1.\[[@ref24]\] The LOD was 5 ng/mL for both homocysteine and vitamin B~6~, whereas for vitamins B~9~ and B~12~ the LOD was 10 ng/mL. The limits of quantification (LOQ), defined as the ratio considered, was 10:1 with a relative standard deviation (RSD) of less than 10%.\[[@ref24]\] The LOQ was 10 ng/mL for both homocysteine and vitamin B~6~ and 25 ng/mL for both vitamins B~9~ and B~12~.

### Precision and Accuracy {#sec3-24}

Inter and intraday run precisions were calculated three times from the injections for six concentrations (50, 100, 200, 400, 800, and 1,600 ng/mL). The mean values, standard deviations (SD), precisions and accuracies complied with the FDA\'s requirement \[Table [1a](#T1){ref-type="table"}--[d](#T1){ref-type="table"}\].

###### 

Precision and accuracy of the rapid resolution liquid chromatography method for vitamin B~6~

![](IJPharm-45-159-g010)

###### 

Precision and accuracy of the rapid resolution liquid chromatography method for folic acid (vitamin B~9~)

![](IJPharm-45-159-g011)

###### 

Precision and accuracy of the rapid resolution liquid chromatography method for vitamin B~12~

![](IJPharm-45-159-g012)

###### 

Precision and accuracy of the rapid resolution liquid chromatography method for homocysteine

![](IJPharm-45-159-g013)

Discussion {#sec1-4}
==========
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### Method Optimization {#sec3-25}

Based on the results, 210 nm was selected as the best wavelength for the simultaneous detection of vitamin B~6~, B~9~, B~12,~ and homocysteine. 1-Heptanesulfonic acid sodium salt was selected as the buffer of choice as it eluted all the four compounds. The peak resolutions were better and the retention time was shorter when a concentration of 0.05 mM was used. Because high buffer salt concentrations may not be friendly to the column and may clog the column, especially if the column is not properly flushed after prolonged use, 0.05 mM was selected.

The acid dissociation constant (pKa) of homocysteine (2.20, 8.87, 10.86),\[[@ref25]\] vitamin B~6~ (5.00),\[[@ref26]\] vitamin B~9~ (4.70),\[[@ref27]\] and vitamin B~12~ (7.50)\[[@ref28]\] play an important role in the selection of pH; according to Henderson-Hasselbach equation,\[[@ref24]\] drugs with lower pKa values elute faster, whereas drugs with higher pKa values tend to elute slower at lower pH because higher ionization tends to occur at lower pH. Keeping all of the above parameters and also comparing the retention times, peak heights and areas produced by different pHs, pH 2.8 was selected as the most suitable pH for the simultaneous determination of all three vitamins. However, when homocysteine was injected at this pH, it was co-eluted with vitamin B~6~. Therefore, the pH was decreased to 2.3, which resulted in the separation of all four compounds with good resolutions, peak shapes and areas \[[Figure 3e](#F3){ref-type="fig"}\].

In addition to the partitioning behavior observed for the reversed-phase analyses, secondary interactions between an analyte and the column may cause peak tailing. The most common type of interaction is an ion exchange interaction between a positively charged basic compound and the silanols on the column surface, which are negatively charged. Because vitamins B~6~, B~9,~ and B~12~ are acidic, the addition of a basic organic modifier to the mobile phase may eliminate problems,\[[@ref24]\] which results in a better peak shape. Amines such as TEA in concentrations of 10-50 mM are reported to be effective in blocking the silanol groups that may cause secondary retention.\[[@ref24]\] Because TEA is carcinogenic and extremely difficult to flush from the column,\[[@ref29]\] the lowest concentration of TEA (0.05%) was selected as the best concentration.

The goal of optimizing the percentage of organic solvent is to obtain adequate separation of all compounds while allowing the elution of all strongly retaining compounds. Generally, the appropriate retention (*k*) range of 1 \< *k* \< 10 is preferred.\[[@ref24]\] In this experiment, initially ACN was used because it gives a lower operating pressure and higher solvent strength compared to MeOH.\[[@ref24]\] Furthermore, ACN has the advantages of having lower viscosities, which results in higher plate numbers, and having a lower UV cut-off of 185-210 nm, which leads to less baseline noise.\[[@ref24]\] However, vitamin B~9~ was not eluted when ACN was used \[[Figure 5i](#F5){ref-type="fig"}\]. When 30%, 33% or 35% MeOH compositions were used, all four compounds eluted with good resolution, peak area and peak shape but this is not true for 40% MeOH. Lower percentages of organic solvent, such as 33% MeOH, can result in long-term cost savings, this composition was selected.

From the chromatograms, the lowest flow rate yielded the biggest area counts, but with an increased total analytical time. Because 0.5 mL/min resulted in shorter analytical times without significant compensation on the area counts, this flow rate was selected. It was recommended that appropriate injections should not be greater than 10% of the loop volume.\[[@ref30]\] If a larger mass of sample is introduced, it may overload the column, resulting in sample peak broadening. The loop volume for the RRLC is 1,500 μl. Based on this result, an injection volume of 40 μl was selected.

### Validation {#sec3-26}

Based upon the results, the final optimized parameters were selected \[[Figure 8](#F8){ref-type="fig"}\] since the accuracy and precision of the calibration graphs complied with the FDA guidelines.\[[@ref23]\] The linearity of the calibration graph for all the compounds was demonstrated by the good determination coefficient (r^2^) obtained for the regression line.

### Limitations of the Method {#sec3-27}

The sensitivity of the method especially for the detection of vitamins B~6~ and B~12~ needs to be increased further since plasma levels of these vitamins in healthy subjects are generally lower than the LOQ. Therefore, extraction should be done from higher amounts (1 mL) of plasma to achieve higher sensitivities.

Conclusions {#sec1-5}
===========

The proposed HPLC method can be routinely applied for the simultaneous determination of homocysteine and vitamins B~6~, B~9,~ and B~12~ from human serum. The proposed method is specific and demonstrated good linearity, accuracy and precision, and complies with the FDA requirements.
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